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Substrate oxidation by isolated single nephron segments of the rat.
Substrate oxidation was assessed by measuring '4C02 production from
'4C-labeled substrates in proximal convoluted tubules (PCT), medullary
(MTAL), and cortical (CTAL) thick ascending limb of Henle, nephron
segments rich in mitochondria and characterized by active solute
transport. PCT, MTAL, and CTAL were dissected from the outer
cortex, outer medulla, and the medullary rays of the cortex, respective-
ly, of collagenase-treated rat kidney slices. Tubules were incubated at
37° C in 150 p.l of Krebs-Ringer-bicarbonate buffer (pH, 7.4) with 14C-
labeled substrate. '4C02 production was linear up to 4 and 2 hours in
PCT and MTAL, respectively. Freeze-thawing of the tubules markedly
decreased '4C02 production, and the addition of cyanide completely
abolished it. The PCT demonstrated marked '4C02 production from
labeled succinate, 2-oxoglutarate, glutamate, glutamine, and malate
(approximately 10 to 45 pmoles/mm/hr) and moderate '4C02 production
from citrate (approximately 3 pmoles/mm/hr). Little 14C02 was released
from labeled glucose and lactate in PCT. These results are consistent
with the existence of gluconeogenesis in this nephron segment. By
contrast, MTAL and CTAL oxidized glucose, 2-oxoglutarate, lactate,
glutamate, and glutamine, but not malate, succinate, and citrate. The
pentose shunt pathway accounted for approximately half of the 14C02
produced from l-'4C glucose in MTAL and CTAL. Palmitate oxidation
occurred in MTAL and CTAL but minimally in PCT. The results
demonstrate a distinct pattern of substrate oxidation in PCT, MTAL,
and CTAL where oxidative metabolism is critical to support active
solute transport.
Oxydation de substrats par des segments uniques isolés de néphron du
rat. L'oxydation du substrat a été mesurée par Ia production de '4C02 a
partir de substrats marques par le '4C dans le tube contourné proximal
(PCT), Ia branche ascendante large de I'anse de Henle médullaire
(MTAL) et corticale (CTAL), c'est a dire des segments riches en
mitochondnes et sieges de transports actifs. PCT, MTAL, et CTAL ont
été disséqués a partir du cortex superficiel de Ia médullaire superficielle
et des axes médullaires du cortex, respectivement, dans des reins de rat
traités par la collagénase. Les tubules ont été incubés a 37° C dans 150
p.1 de Krebs-Ringer-bicarbonate (pH, 7,4) avec des substrats marques
par le '4C. La production de '4C02 a dté lindaire jusqu'a 4 et 2 heures
respectivenient dans PCT et MTAL. La congelation-décongelation des
tubules a diminué de facon ilnportante Ia production de '4C02 qui a été
complétement abolie par l'addition de cyanure. Le PCT a une produc-
tion importante de '4C02 a partir du succinate, du 2-oxoglutarate, du
glutamate, de la glutamine et du malate (approx., 10—45 pmoles/mm/hr)
et une production modeste de '4co2 a partir du citrate (approx. 3
pmoles/mm/hr). Peu de 14C02 a été libéré dans Ic PCT a partir du
glucose et du lactate marques. Ces résultats sont en accord avec la mise
en evidence de Ia gluconeogenese dans ce segment. Au contraire
MTAL et CTAL oxydent le glucose, le 2-oxoglutarate, le lactate, le
glutamate, et Ia glutamine mais pas le malate, le succinate ou le citrate.
La voie du shunt des pentoses rend compte d'approximativement Ia
moitié du '4C02 produit a partir du l-'4C glucose dans MTAL et CTAL.
L'oxydation du palmitate est observée dans MTAL et CTAL mais peu
dans le PCT. Ces résultats mettent en evidence les modalités différentes
d'oxydation des substrats dans le PCT, MTAL, et CTAL oU le
métabolisme oxydatif est un support critique du transport actif de
substances dissoutes.
Each defined segment of the nephron possesses distinct
properties of fluid and electrolyte transport. The active solute
transport that occurs in certain nephron segments is supported
by biochemical processes, which are accompanied by the
metabolism of a variety of substrates to generate high energy
compounds such as ATP. It is probable that some segments
utilize certain substrates to generate energy. Thus, each seg-
ment may demonstrate distinct metabolic characteristics. It has
been generally accepted that the metabolism of the renal cortex
is characterized by aerobic oxidation of substrates and gluco-
neogenesis whereas that of renal medulla is by glycolysis [1—4].
But little information is available regarding the metabolic char-
acteristics and specificity of the metabolic fuels utilized in each
defined nephron segment. Although the distribution of some
key enzymes along the nephron segments has been studied by
histochemical and microenzymatic assays [5], these studies do
not provide information on the metabolic rates and on the
substrates preferentially utilized in each nephron segment.
More information is necessary to identify and quantitate sub-
strates metabolized in defined nephron segments to better
understand the biochemical events that may underlie the solute
transport in these segments. In the present report, we describe
results on substrate decarboxylation by isolated early proximal
convoluted tubules (PCT) and the medullary (MTAL) and
cortical (CTAL) thick ascending limb of Henle of the rat
kidney.
Methods
Wistar male rats, each weighing 150 to 250 g, were anesthe-
sized with an i.p. injection of pentobarbital, 40 mg/kg. The right
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renal and superior mesenteric arteries were ligated, and the left
kidney was perfused through a PE- 100 polyethylene catheter
inserted in the abdominal aorta over a few seconds with 5 ml of
chilled Krebs-Ringer-bicarbonate (KRB) buffer (pH, 7.4) equili-
brated with a 95%:5% oxygen-to-carbon dioxide ratio (vollvol)
followed by rapid perfusion over 5 sec with 10 to 14 ml chilled
KRB buffer containing 0.1% bovine serum albumin (BSA) and
0.1% collagenase (Sigma Chem. Co., St. Louis, Missouri). The
aorta above the left renal artery was clamped immediately prior
to the perfusion of the left kidney to avoid significant warm
ischemia. The left kidney was removed and slices of kidney
tissue (approximately 0.5 to 1.0 mm in thickness) cut in the
corticomedullary axis were incubated at 30° C for 30 mm in
KRB buffer containing 0.1% BSA and 0.1% collagenase with a
95%:5% oxygen-to-carbon dioxide ratio as the gas phase.
Kidney slices were then rinsed three times with 10 ml of ice-
cold Hanks' solution (pH, 7.4). The dissection of tubular
segments was performed manually under stereomicroscopic
vision in an ice-cold Hanks' solution (pH, 7.4) containing 1.0
m calcium chloride and 1% BSA (dissecting medium).
The identification of the nephron segments was similar to that
of Morel, Chabardes, and Imbert [6], Chabardes et al [7], and
Burg and Green [81. The PCT was identified by its attachment
to a glomerulus, extreme convolutions, homogenous appear-
ance, and a larger diameter than other segments. It could be
distinguished from the distal convolution by the latter's nonuni-
form granular and "bright" appearance and its attachment to
the macula densa or connecting segment. The MTAL was
dissected from the outer medulla and the CTAL from the
medullary ray of the cortex. The ascending limb of Henle is
straight, not convoluted, thus distinguishing it from the PCT. In
contrast to other structures anatomically close to it, it is much
thinner than the pars recta, which has an homogenous appear-
ance, larger diameter, and is attached to the PCT. The collect-
ing duct was also of larger diameter, granular, and had a
distinctly identifiable lumen. The above criteria were further
evaluated by measuring the response of adenylate cyclase in
these segments to parathyroid hormone (PTH), calcitonin, and
vasopressin. Stimulation of adenylate cyclase occurred in the
PCT by PTH, in the MTAL by calcitonin and vasopressin, in the
CTAL by PTH, calcitonin, and vasopressin, and in the collect-
ing duct by vasopressin [9]. These results are similar to those of
Morel et a! [6, 7, 10—13]. Only the superficial portion within 2
mm of the surface of the renal cortex was used to obtain
proximal convoluted tubules. Most of the PCT's (0.7 to 1.5 mm
in length) were dissected out with the glomerulus attached, then
cut free of the glomerulus. Thus, the S segment was used in
these experiments. Three to six PCT, MTAL, or CTAL were
transferred in a total volume of 4 p.1 of the dissecting medium to
a flat bottom plastic incubation vessel (a cap for minivial,
Beckman Instruments, Fullerton, California), and the lengths of
dissected segments were measured with the aid of a drawing
tube attached to the stereomicroscope (Wild MS dissecting
microscope). To this incubation vial containing the tubule
segments, we added 150 p.1 of KRB buffer with 2% defatted
BSA [141 (which had less than 0.005% free fatty acid and was
dialyzed overnight against KRB; pH, 7.4) containing a
labeled substrate at a concentration of 0.5 m. The incubation
vessel was then transferred to a flat bottom l7-x-52-mm glass
incubation vial. After the vial was gassed with a gas mixture of
95%:S% oxygen and carbon dioxide (vol/vol) for 15 to 20 sec,
the incubation vial was sealed with a rubber stopper with a
central well (Kontes Glass Co., Vineland, New Jersey), and the
incubation was started. After it was incubated at 37° C (for 60
mm in most experiments) in a metabolic shaker at 40 cycles!
mm, 200 p.1 of 10% trichloracetic acid (TCA) was added to the
medium with the aid of a needle inserted through the rubber
stopper, followed by an injection of 100 p.1 of Hyamine solution
(New England Nuclear, BOston, Massachusetts) into the center
well. The incubation vessel was shaken for another 60 mm at
room temperature to trap the carbon dioxide into the Hyamine.
The '4C02 trapped in Hyamine was counted in a Beckman
LS8100 liquid scintillation counter. Blank incubations without
tubules were run in parallel, and the 14C02 produced in the
blank incubations was subtracted from the values obtained with
tubules to calculate '4CO2 produced by the tubule segments.
Calculation of the data. Solutions of 0.5 m of each substrate
in KRB and defatted BSA were prepared from stock solutions,
and '4C-labeled substrate was added prior to incubation to
provide a final concentration of 0.25 p.Ci per 150 p.1. An aliquot
was taken to determine the radioactivity with a Beckman
LS8 100 liquid scintillation counter. The amount of substrate
added with the addition of the isotope was calculated from the
specific activity of the lot of that particular isotope. It was
found to be negligible. For 1 ,5-'4C-citrate, the actual citrate
concentration, together with nonlabeled citrate, was measured
spectrophotometrically by the enzymatic reaction coupled with
pyridine nucleotide [15] and was used for the calculation of the
specific activity. Citrate content in 2% defatted BSA after
overnight dialysis was negligible. The final determination of the
specific activity of each substrate was done by taking the
measured counts-per-minute and dividing by the number of
moles of substrate in the solution per unit volume as calculated
from appropriate dilutions of the stock solutions. The '4C02
production from a labeled substrate by tubule segments was
calculated as
cpm (with tubules) — cpm (blank)
= cpm/mmtubule length
cpm/mm
pmoles/mm.
specific activity of the substrate (cpm/pmole)
Because most incubations were carried out for 60 mm, the
results are expressed as picomoles per millimeter per 60 mm.
Duplicate or triplicate blank incubations were done with every
experiment that differed from experimental incubations only by
the absence of any tubules. In earlier experiments, blank incuba-
tions were done with killed tubules, and similar results were
obtained. All substrates and isotopes were of the highest purity
commercially available and were used without further purifica-
tion. Only defatted BSA (fraction B, Calbiochem, La Jolla, Cali-
fornia) was used in all incubations except for those for ionization
chamber experiments and freeze-thawing experiments.
Ionization chamber. In some studies, '4C02 production was
measured by a closed-circuit 275-mi ionization chamber, as
reported previously [16], to determine the time courses of
decarboxylation. In these experiments, the volume of incuba-
tion mixture was increased 200 p.l, and a substrate concentra-
tion of 0.05 m was used in all experiments.
00
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Effect of freeze-thawing. In separate experiments, the dis-
sected PCT was suspended in 50 l of the deionized water
where freezing (over a few seconds on dry ice) and thawing of
the tubules in suspension was repeated three times. Then, 100
p,l of 33% more concentration of KRB solution were added to
give a final composition of standard KRB buffer with a
labeled substrate at a concentration of 0.05 mti, and the
incubation was carried out at 370 C for 60 mm. In other
experiments, tubules were incubated at 370 C for 60 mm in the
presence of 5 m sodium cyanide; 5 m sodium chloride was
added to maintain equal osmolality in the control incubation.
Cell viability. Viability of the PCT, MTAL, and CTAL was
determined by the trypan blue dye exclusion technique [17].
Tubules were dissected as described in the Methods section and
were incubated in the identical KRB buffer containing defatted
BSA. An equal number of tubules were incubated in BSA-free
KRB buffer to eliminate the effect of protein binding of the dye,
and the results were comparable. After 1 hour's incubation at
37° C (either 0.5 m glucose or lactate was used as the
substrate), a 4.5-pA aliquot of a 0.4% aqueous solution of trypan
blue was added to 150 p.l of the incubation medium, gently
mixed, and the dye uptake was examined under a microscope
after it was incubated for an additional 4 mm. The stained
portions of the tubule were measured through a drawing tube
attached to the microscope and were divided by the total length
to estimate the degree of nonviability. In all experiments, the
nonviable segments were less than 10% of the total lengths of
the tubules. In one occasion, a tubule with an open lumen had a
marked dye uptake along the entire length. Tubules were also
incubated with 5 m sodium cyanide, and uptake of the dye
was 100%, confirming the validity of the method.
Effect of collagenase. The effect of collagenase on '4C02
production from l-'4C glucose was determined. Because dissec-
Table 1. '4C02 production from 0.5 mri 1-'4C-glucose by rabbit
medullary thick ascending limb of Henle with or without collagenase
treatmenta
'4C02 production
pmoles/mm/hr
No collagenase treatment 0.99 0.14
With collagenase treatment 0.92 0.14
a Values are the means SEM offive incubations. See text for details.
tion of the tubules from rat kidney was difficult without
collagenase treatment, rabbit kidneys were used for these
experiments only. One kidney was perfused in an identical
manner to the rat experiments. The other kidney was perfused
with the identical perfusion solutions but without collagenase.
The kidneys were excised and incubated in the same manner as
that used for the rat kidneys except the slices of the kidney not
perfused with collagenase were incubated in KRB-BSA without
collagenase. The medullary thick ascending limb of Henle
dissected from each kidney was incubated in 0.5 mvt
glucose at 37° for 60 mm.
Results
Time course of '4C02 production from '4C-labeled sub-
strates. Figure 1 shows the time course of '4C02 production
from '4C-glutamate (uniformly labeled) by the PCT and in a
blank incubation measured by the closed-system ionization
chamber. The rates of '4CO2 production were linear for up to 4
hours of incubation at 37° C. The rate of 14CO2 production from
1-'4C-glucose (uniformly labeled) by MTAL was also linear for
up to 2 hours of incubation at 37° C as shown in Fig. 2.
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Substrate oxidation by single nephron segments 31
1.2
' 0.8
I0.40
00 3 42
Time, hours
Fig. l.A representative result of the time course of 14C02 production by
proximal convoluted tubule measured by a closed system ionization
chamber. Substrate was '4C-glutamate (uniformly labeled), 0.05 mM;
300 pCiImV. Tubule length was 5.1 mm.
Time, hours
FIg. 2. Time course of '4C02 production from 1-'4C.glucose, 0.05 mM,
medullary thick ascending limb of Henle. Each point is the mean (±
5EM; vertical bars) of three to four incubations.
II
500'00
Tubule length, mm
Fig. 4. Relation between medullary thick ascending limb of Henle
length per incubation and '4C02 released from 0,5 mM '4C-glutamine
(uniformly labeled) (r = 0.74).
+
Freeze—thawing
Fig. 6. Effects offreeze-thawing of isolated proximal convoluted tubules
on '4C02 production. Substrate was 1 ,4l4Csuccinate, 0.05 m. Each
column is the mean SEM (vertical bars) of quadruplicate incubations.
brane on the substrate decarboxylation by the tubules, we
examined the effects of freeze-thawing of the dissected tubule
segments. As shown in Fig. 6, the freeze-thawing of PCT
resulted in a marked reduction in the rates of '4C02 production
from the labeled substrates. The presence of some decarboxyl-
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Fig. 3. Relation between proximal convoluted tubule length per incuba-
tion and '4C02 released from 0.5 mit '4C-glutamine (uniformly labeled)(r = 0.83).
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Fig. 5. Relation between cortical thick ascending limb of Henle length
per incubation and '4C02 released from 0.5 mt 1-'4C-glucose (r =
0.81).
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Effects of collagenase. As shown in Table 1, collagenase
treatment had no effect on l4Co2production from lI4Cglucose
by rabbit MTAL.
Correlation of '4C02 production with tubule length. As
shown in Figs. 3, 4, and 5, there was a good correlation between
'4C02 production (expressed as net counts per minute) and the
length of the tubules.
Effects of freeze-thawing of tubules on the substrate decar-
boxylation. To evaluate the importance of an intact cell mem-
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1—14C—Glucose
6-14C-Glucose
Lactate
1, 5—14C—Citrate
U—14C—G lutamine
14C02 production, pmoles/mm/hr
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1—14C--2—Oxoglutarate _________________________________________
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U—14C—Malate ____________________I—i
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Fig. 7. '4C02 product ion from various substrates by proximal convolut-
ed tubules. The concentration of substrates is 0.5 m. Each column is
the mean SEM (horizontal bars) of 5 to 12 incubations.
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.
ation by the freeze-thawed segments may be due to substrate
decarboxylation by mitochondrion.
Effect of cyanide on the substrate decarboxylation. The
effects of the addition of 5 m sodium cyanide on
production from '4C glutamate by PCT and by MTAL was
examined. Cyanide completely inhibited the '4C02 production
from '4C-glutamate by these segments (data not shown).
Specificity of the substrate decarboxylation by PCT, MTAL,
and CTAL. The specificity of substrates utilized either by PCT,
MTAL, or CTAL was examined. Substrates tested included
glucose, citrate, 2-oxoglutarate, glutamate, glutamine, succi-
nate, lactate, malate, and palmitate, all labeled with carbon 14.
Substrate decarboxylation from these labeled substrates was
tested at a substrate concentration of 0.5 m for PCT, MTAL,
and CTAL with a fixed concentration of radioactivity in the
incubation medium as described in the methods. Results are
summarized in Figs. 7, 8, and 9.
As shown in Fig. 7, significant '4C02 production by PTC was
detected from '4C-labeled citrate, glutamine, glutamate, 2-
oxoglutarate, succinate, and malate. A small amount of 14C02
was detected from l-'4C-glucose and '4C-palmitate (uniformly
labeled). Glucose oxidation in the PCT was very low and not
concentration dependent as shown in Fig. 10. In these experi-
ments, PCT was incubated with l-'4C-glucose at concentrations
of 0.5 and 5.0 m with the comparable specific activity.
U—'4C—Lactate
1, 5—1C— Citrate
1 —14C—G lutamate
1 —14C—2—Oxoglutarate
1 ,4—14C—Succinate
U—14C—Malate
U—'4C—Palmitate
4CO2 production, pmoles/mm/hr
10 15
FIg. 9. '4C02 production from various substrates by cortical thick
ascending limb of Henle. See the legend for Fig. 7.
PCT MTAL CTAL
Fig. 10. '4C02 production from 0.5 (open bars) and 5.0 misi (hatched
bars) 1- '4C-glucose by proximal convoluted tubules (PCT), medullary
thick ascending limb of Henle (MTAL), and cortical thick ascending
limb of Henle (CTAL). Each column is the mean SEM (vertical bars)
of 4 to 6 incubations.
The substrate decarboxylation by MTAL is shown in Fig. 8.
14C02 production from labeled 2-oxoglutarate, glucose, gluta-
mate, glutamine, lactate, and palmitate were easily detectable.
But little, if any, '4C02 production was observed from labeled
citrate, succinate, or malate. Significant decarboxylation from
labeled glucose, lactate, glutamine, glutamate, 2-oxoglutarate,
and palmitate were observed in CTAL, as shown in Fig. 9.
Little succinate, citrate, and a small quantity of malate were
oxidized in this segment. In contrast to the observations made
in PCT, significant glucose oxidation occurred in MTAL and
CTAL as judged by the '4C02 production from '4C-glucose.
Furthermore, '4C02 production from l)4C-glucose was greater
than that from 6)4C-glucose was in both MTAL and CTAL, as
shown in Figs. 8 and 9.
Discussion
Distinct functional characteristics in each defined nephron
segment have been well described owing to the development of
sophisticated experimental procedures such as micropuncture
techniques and the in vitro perfusion of isolated single nephron
50 0
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14C02 production, pmoles/mm/hr
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6-14C-Glucose
U—14C-- Lactate
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1—14C—Glutamate
1 —14C-2-Oxoglutarate
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U4C—Malate
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Fig. 8. '4C02 production from various substrates by medullary thick
ascending limb of Henle. See the legend for Fig. 7.
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segments. Furthermore, the development of a microassay for
adenylate cyclase activity has established the specific nephron
segments sensitive to various hormones such as PTH, vaso-
pressin, calcitonin, and p-adrenergic agents [6, 7, 10—131.
Furthermore, histochemical and other studies suggest that
metabolic characteristics differ considerably from one nephron
segment to another [5, 18].
The present study described a procedure to measure sub-
strate decarboxylation by defined single nephron segments,
thus enabling us to gain insight into the substrate metabolism of
these segments. The linearity of '4C02 production over a few
hours confirms the viability and stability of our preparation and
suggests these segments are capable of metabolic functions
without any deterioration during the incubation period in the
majority of our experiments. Additionally, with the trypan blue
dye exclusion technique, the viability of all three segments was
confirmed after 1 hour's incubation under our experimental
conditions. Because trypan blue can be bound to protein to a
slight degree in 2% BSA [171, these experiments were repeated
in protein-free KRB solution, with identical results. Although
substrate decarboxylation could be maintained by the mito-
chondria even in the presence of disruption of cell membranes,
the integrity of cell membranes seems of critical importance to
sustain optimal substrate decarboxylation. The disruption of
cell membranes by a brief period of freeze-thawing resulted in a
marked reduction of the ability of these segments to produce
'4C02 from labeled substrates. The addition of cyanide com-
pletely inhibited the '4C02 production from labeled glutamate
by both PCT and MTAL.
Protein content could not be determined due to the small
number of tubules and high concentration of defatted BSA used
in our experiments. Therefore, we expressed the '4C02 produc-
tion per millimeter of tubule length as was done by Morel et a!
for adenylate cyclase activity along the nephron [6, 7, 10—131.
It became apparent in the present study that distinct differ-
ences exist in substrate oxidation by these three segments.
Relatively large amounts of '4C02 were produced by the PCT
from succinate, glutamate, glutamine, 2-oxoglutarate, and ma!-
ate. The rate of '4C02 production from labeled citrate was
lower. Only minimal '4C02 production was observed from
labeled glucose, lactate, and palmitate by PCT. In contrast,
MTAL did not oxidize succinate or malate to a significant
extent while oxidizing such substrates as glutamate, glutamine,
2-oxoglutarate, lactate, glucose, and palmitate. The pattern of
substrate decarboxylation in CTAL was similar to that in
MTAL. Lactate, glutamine, malate, and 2-oxoglutarate were
oxidized, however, to a much greater extent in TAL. The '4C02
production from 1- '4C-glucose was significantly greater than
that from 6-14C-glucose in both MTAL and CTAL, suggesting
the significant activity of pentose shunt pathway.
In the PCT, there was minimal oxidation of glucose and
lactate, which is consistent with earlier observations of low
activities of hexokinase and lactate dehydrogenase in this
nephron segment [5, 19]. The lack of significant oxidation of
malate, citrate, and succinate in the MTAL and CTAL may be
due to several factors. One may be a membrane permeability
barrier. Second, there may be greater stores of endogenous
substrates with a resultant isotopic dilution in metabolic pools.
The marked '4C02 production from 2-oxoglutarate can in part
be explained by an immediate release of '4C02 on its conver-
sion to succinate whereas the other substrates used require one
or more turns of the citric acid cycle before 14C02 is released,
hence allowing for more isotopic dilution in metabolic poois.
Relative rates of '4C02 production from various substrates
were in general much greater in PCT than in TAL per unit of
tubule length. This may be due in part to the larger cell volume
of PCT than that of TAL.
It is well established that glucose is avidly reabsorbed by PCT
from the luminal brush border. Whether the glucose entering
into the proximal tubule cells from the luminal brush border will
be utilized as a metabolic fuel is not known, because the tubular
lumen was not perfused in the present study. Increasing the
concentration of glucose by ten times to a physiologic level did
not result in an increase in oxidation, suggesting that the
minimal glucose oxidation in PCT was not due to a low
concentration of glucose used in our experiments.
Glutamine, glutamate, and 2-oxoglutarate were oxidized in all
three segments. The difference in the rate of oxidation of
glutamate and glutamine may in part be explained by the
difference in specific activity per carbon atom utilized. Because
uniformly labeled glutamine was used, it would have only one
fifth the specific activity per carbon as l-'4C-glutamate would
have; thus, the rates of '4CO2 production are not directly
comparable. Furthermore, intramitochondrial glutamate may
be metabolized primarily by transamination with oxaloacetate
to form aspartate and 2-oxoglutarate [201. This would not result
in any ammonia production, yet '4CO2 would still be produced
as 2-oxoglutarate reenters the citric acid cycle.
There would be isotopic dilution in several metabolic pools,
thus making it difficult to compare exactly the rates of metabo-
lism between these two labeled substrates. Whether glutamine
oxidation in these three segments plays an equally important
role in the renal adaptation to acidosis is not known. The
microenzyme assay by Curthoys and Lowry [21] showed that
the activity of phosphate-dependent glutaminase, a major en-
zyme responsible for ammonia production from glutamine,
increases in PCT but not in TAL in response to acidosis. These
data suggest that the glutamine oxidation in TAL may be of
minor importance for renal ammoniagenesis in acidosis.
The low '4C02 production we observed from '4C-palmitate
may seem in conflict with earlier observations that suggest that
fatty acids serve as a major metabolic fuel in the renal cortex.
But, data by Lee, Vance, and Cahill [2], Wirthensohn and
Guder [22], and Park et al [23] suggest that this may not be the
case and that endogenous stores of lipids may significantly
modify the oxidation of exogenously supplied fatty acids.
Our data of preferential oxidation of certain metabolites by
these nephron segments tested are in accord with earlier
observations made in renal slices and tubular fragments [2, 3,
24]. Thus, renal cortical tissues have been shown to be capable
of gluconeogenesis and oxidation of various substrates with
minimal glucose oxidation and glycolysis, whereas renal medul-
lary tissues demonstrate the oxidation of various substrates
including glucose [2—4]. Studies of microhistochemistry and
microassays of enzymes demonstrated the presence of key
gluconeogenic enzymes in the PCT, such as glucose-6-phospha-
tase, phosphoenolpyruvate carboxykinase, and fructose- 1, 6-
diphosphatase, as well as the significant activities of enzymes of
the citric acid cycle; and the presence of hexokinase and other
glycolytic enzymes together with significant activities of the
enzymes of the citric acid cycle in distal portions of the nephron
such as the TAL [5, 24].
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It is likely that the energy for active transport processes in
these nephron segments is provided primarily by oxidative
metabolism as evidenced by the abundance of mitochondria in
these segments [25]. Nonetheless, the present study documents
differences in substrates oxidized by these nephron segments
under aerobic conditions. It should be noted, however, that
only limited conclusions may be drawn for a comparison of the
quantitative aspects of the present results. A number of factors
may have influenced the results, and these factors may be of
physiologic importance in regulating renal cell metabolism. For
example, a single substrate at a fixed concentration was used in
the present study while in vivo tubule cells are exposed to a
mixture of substrates, including glucose, lactate, glutamine, and
free fatty acids, which will have major effects on oxidation of
individual substrates.
Discrepancies between our data and certain previous studies
could be explained in part by the nonhomogeneity of tubule
cells of the homogenates, slices, or preparations of tubule
fragments, whereas our preparation yields information in de-
fined nephron segments. Additionally, slice experiments suffer
from an inherent experimental defect in that there is limited
oxygen diffusion to cells located deep inside the slice, hence
significant anerobic metabolism may be present concomitantly.
The present methods could be a powerful tool to study renal cell
metabolism. Further extension of these methods to perfused
segments will no doubt add intriguing information to further our
understanding of coupling between substrate oxidation and
transepithelial solute transport in the nephron.
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